The innate immune system and in particular the pattern-recognition receptors Toll-like receptors have recently been linked to atherosclerosis. Consequently, inhibition of various signaling molecules downstream of the Toll-like receptors has been tested as a strategy to prevent progression of atherosclerosis. Receptor-interacting protein 2 (Rip2) is a serine/threonine kinase that is involved in multiple nuclear factor-B (NFB) activation pathways, including Toll-like receptors, and is therefore an interesting potential target for pharmaceutical intervention.
L ow-density lipoproteins (LDL) are the major extracellular carriers of cholesterol and, as such, play important physiological roles in cellular function and regulation of metabolic pathways. However, under pathological conditions of hyperlipidemia, cholesterol is diverted from its physiological targets and accumulates in lipid-loaded macrophages ("foam cells") in the vascular wall. [1] [2] [3] [4] This pathological deposition of atherogenic lipoproteins activates the inflammatory response that characterizes atherosclerosis. Furthermore, by stimulating the synthesis and secretion of proteoglycans, 5, 6 this inflammation further accelerates retention of atherogenic lipoproteins. Thus, lipid accumulation and inflammation are closely linked in atherogenesis. [7] [8] [9] [10] [11] The molecular mechanisms that link retention of atherogenic lipoproteins and activation of the inflammatory response are still unclear. Recent evidence implies a key role for the innate immune system and pathogen patternrecognition receptors, in particular the membrane-bound Toll-like receptors (TLRs). 12 Ligand binding to these receptors results in activation of the proinflammatory transcription factor nuclear factor-B (NF-B) and expression of proinflammatory molecules. 12, 13 The receptor-interacting protein 2 (Rip2) is a serine/ threonine kinase that activates NF-B and is reported to mediate signaling through both TLRs and Nod-like receptors, although its involvement in TLR signaling has been questioned recently. 14 -18 Furthermore, it was demonstrated recently that the regulation of Rip2 involves a novel feedforward regulatory mechanism: Rip2 not only positively regulates NF-B activity, but inflammatory cytokines that activate the NF-B pathway induce increased Rip2 expression. 19 These studies thus suggest the therapeutic potential of inhibiting Rip2 to inhibit inflammation and thus protect against the development of atherosclerosis.
Here, we investigated the role of Rip2 in mice prone to developing atherosclerosis. Unexpectedly, we observed that mice transplanted with Rip2 Ϫ/Ϫ bone marrow displayed increased atherosclerosis despite impaired immune signaling.
Further studies in Rip2
Ϫ/Ϫ macrophages revealed a key role for Rip2 in regulating TLR4-dependent macropinocytosis of LDL in macrophages. On the basis of our results, we suggest that Rip2 has a protective role during atherogenesis.
Methods

Mice
Rip2
Ϫ/Ϫ mice 15 and wild-type littermates, kindly provided by Dr Paul W. Dempsey (Department of Microbiology, Immunology and Molecular Genetics, UCLA, Los Angeles, CA), and human apolipoprotein B100 (APOB100) transgenic mice on an LDL receptordeficient (Ldlr Ϫ/Ϫ ) background (APOB100ϫLdlr Ϫ/Ϫ ) 2,20,21 were housed in a pathogen-free barrier facility and fed rodent chow. All animal studies were approved by the local animal ethics committee.
Bone Marrow Transplantation
Lethally irradiated APOB100ϫLdlr Ϫ/Ϫ recipient mice were reconstituted with bone marrow stem cells from Rip2 Ϫ/Ϫ or wild-type littermate mice as described previously. 22 
Blood Analysis
Cholesterol and triglycerides were measured on a Konelab 20 autoanalyzer (Thermo Scientific; Vantaa, Finland). Plasma levels of soluble intercellular adhesion molecule (ICAM) and vascular cellular adhesion molecule (VCAM) were analyzed with ELISA (R&D Systems; Minneapolis, MN). Plasma cytokines were analyzed with a SECTOR Imager 2400 reader (Meso Scale Discovery; Gaithersburg, MD).
Analysis of Aortas
Whole aortas and aortic roots were analyzed as described previously. 22, 23 
Macrophage Isolation
Peritoneal macrophages were isolated by flushing the peritoneum of Rip2 Ϫ/Ϫ or wild-type mice with PBS and were then subjected to cell culture.
Isolation and Modification of LDL Particles
LDL was isolated from human plasma as described previously. 21 Minimally oxidized LDL (mmLDL) was prepared by incubating LDL at 4°C for 2 months. 24 
In Vitro Analysis of Accumulation and Cytokine Secretion
Peritoneal macrophages were cultured with or without mmLDL (50 g/mL) for 24 hours. The total Oil Red O-stained surface area was quantified with BioPix software. 25 Triglycerides, cholesterol esters, and free cholesterol were analyzed with a straight-phase highperformance liquid chromatography system. 26 Cytokine levels in the media were analyzed with a SECTOR Imager 2400 reader (Meso Scale Discovery).
mRNA Expression in Peritoneal Macrophages
Total RNA was extracted with an RNeasy Kit (QIAGEN; Hilden, Germany), and cDNA was synthesized with the high-capacity cDNA Reverse Transcription Kit (Applied Biosystems; Foster City, CA). mRNA expression of genes of interest was analyzed with TaqMan real-time polymerase chain reaction in an ABI Prism 7900 HT Detection System (Applied Biosystems).
Fluorescence-Activated Cell Sorting Analysis
Peritoneal cells were resuspended in fluorescence-activated cell sorting (FACS) buffer (PBS, 3% FCS, 0.09% NaAz), incubated with Fc Block (2.4G2, BD Bioscience; Erembodegem, Belgium) and then with antibodies directed against surface antigens. After the initial surface-staining step, cells were fixed with paraformaldehyde, permeabilized in FACS buffer (PBS, 3% FCS, 0.09% NaAz) with 0.5% saponin, and then stained for intracellular CD68. A total of 10 000 cells were collected for each staining by use of a FACSCanto II equipped with Diva 6.2 software (BD Biosciences) and were analyzed with FlowJo software (Tree Star; Ashland, OR).
TLR4 and SR-B1 Knockdown
Peritoneal macrophages were transfected with predesigned Silencer Select small interfering RNA (Ambion) with Lipofectamine RNAiMAX (Invitrogen; Carlsbad, CA). The medium was changed after 6 hours, and mmLDL (50 g/mL) was added to the fresh medium. The cells were analyzed after a further 24 hours. To ensure the specificity of the knockdown, 2 small interfering RNA constructs were used for each gene. Knockdown was confirmed by FACS analysis.
Morphological Analysis of Macropinocytosis
Peritoneal macrophages were permeabilized and then stained with rhodamine phalloidin (Invitrogen Molecular Probes) and DAPI 
In Vitro Analysis of Macropinocytosis
Peritoneal macrophages were incubated with or without mmLDL and with dextran labeled with Alexa Fluor 488. Fluorescence was assessed with a fluorometer (MDS Analytical Technologies; Sunnyvale, CA).
Statistical Analysis
Data are shown as meanϮSEM. Measurements were compared with the 2-tailed t test or Mann-Whitney rank sum test.
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Results
Increased Subendothelial Lipid Accumulation Despite Decreased Local and Systemic Inflammation in Mice With Rip2-Deficient Bone Marrow
To investigate the importance of Rip2 in atherogenesis, lethally irradiated APOB100ϫLdlr Ϫ/Ϫ mice were trans- planted with bone marrow cells from Rip2 Ϫ/Ϫ mice or wild-type littermates and fed a chow diet for 6 months. Body weight, plasma cholesterol, and triglycerides did not differ between the 2 groups (data not shown). Surprisingly, however, atherosclerotic lesions both in the whole aorta (measured by en face technique) and in the aortic root were markedly increased in mice that received Rip2 Ϫ/Ϫ bone marrow (Figure 1 ).
Immunohistochemical analyses of the aortic root showed similar amounts of macrophages and smooth muscle cells in the lesions in both groups (Figures 2A and 2B) . In contrast, the number of T cells was significantly reduced in the lesion areas in mice that received Rip2 Ϫ/Ϫ bone marrow ( Figure  2C ). However, the number of circulating monocytes, B cells, and T cells did not differ between groups ( Figure 2D ). Analysis of CD4ϩ, CD8ϩ, and regulatory T-cell populations showed that there were no significant differences between the groups (Online Figure I, A) . ICAM-1, a known NF-B target gene, was decreased significantly in lesions in mice that received Rip2 Ϫ/Ϫ bone marrow ( Figures 2E and 2F ). In contrast, VCAM-1 was not altered significantly ( Figure 2F ). We also investigated the effect of Rip2 deficiency on systemic inflammation and observed lower levels of soluble ICAM, VCAM, and the proinflammatory cytokines CXCL1 (Gro1/CK) and interleukin-6 in plasma from mice that received Rip2 Ϫ/Ϫ bone marrow (Figures 2G-J). Even though systemic inflammation was decreased in mice that received Rip2 Ϫ/Ϫ bone marrow, mice from both groups were still capable of responding with a strong inflammatory reaction when challenged with lipopolysaccharide (Online Figure I, B) .
Altogether, these data show that mice transplanted with Rip2 Ϫ/Ϫ bone marrow display increased atherosclerotic lesions despite decreased inflammation both locally in the aorta and systemically.
Increased Lipid Uptake Despite Suppressed Immune Signaling in Rip2
؊/؊ Macrophages
To determine whether the subendothelial lipid accumulation in mice transplanted with Rip2 Ϫ/Ϫ bone marrow could be explained by increased lipid uptake in macrophages, we investigated lipid uptake in peritoneal macrophages isolated from Rip2 Ϫ/Ϫ or wild-type mice. Quantification of the total Oil Red O-stained surface area after incubation with 50 g/mL mmLDL for 24 hours showed significantly higher lipid uptake in Rip2 Ϫ/Ϫ macrophages than in wild-type macrophages ( Figure 3A ). Lipid accumulation after incubation with native LDL and acetylated LDL was also increased in Rip2 Ϫ/Ϫ macrophages, but to a lower extent than with mmLDL ( Figures 3B and 3C) . Levels of triglycerides and cholesterol esters, but not free cholesterol, were higher in Ϫ/Ϫ peritoneal macrophages were isolated from mice fed a chow diet and cultured with 50 g/mL mmLDL for 24 hours (left) or from mice fed a high-fat ("Western") diet (HF diet) and cultured without mmLDL for 24 hours (right). The cells were then analyzed for the endoplasmic reticulum stress marker phospho-PERK and the internal standard GAPDH with Western blot (nϭ4 per group). Data are from 1 experiment. F, Apoptosis in WT and Rip2 Ϫ/Ϫ macrophages with and without incubation of 50 g/mL mmLDL for 48 hours were analyzed with terminal dUTP nick end-labeling (TUNEL) staining (nϭ3 per group). Data are presented as meanϮSEM. *PϽ0.05, **PϽ0.01, and ***PϽ0.001 vs WT.
Rip2
Ϫ/Ϫ macrophages than in wild-type macrophages under basal conditions ( Figure 3D ).
The NF-B activation status was also reduced in Rip2 Ϫ/Ϫ macrophages after stimulation with lipopolysaccharide (Figure 4A ), in agreement with previous studies. 14, 15, 27 To determine the effect of Rip2 deficiency on the inflammatory response of macrophages, we analyzed levels of proinflammatory cytokines in the culture media of peritoneal Rip2
or wild-type macrophages after incubation with and without 50 g/mL mmLDL for 24 hours. No significant differences in cytokines were seen in the media of cells incubated in the absence of mmLDL, except for a slightly reduced concentration of tumor necrosis factor-␣ in the medium of Rip2 Ϫ/Ϫ macrophages ( Figure 4B ). As expected, we observed significantly reduced concentrations of tumor necrosis factor-␣, interferon-␥, monocyte chemoattractant protein-1, and interleukin-6 in media from Rip2 Ϫ/Ϫ macrophages incubated with mmLDL ( Figure 4B ). Thus, Rip2 is involved in the inflammatory response induced by the cellular uptake of mmLDL in macrophages.
To investigate whether the impaired immune signaling in Rip2 Ϫ/Ϫ macrophages induced a switch to the more antiinflammatory M2 macrophage phenotype, we analyzed peritoneal macrophages with a FACS assay for the M1 and M2 markers MHCII and CD206, respectively, and with a TaqMan analysis for the M1 and M2 markers interleukin-6 and interleukin-10, respectively. However, we did not detect a difference in phenotype between Rip2 Ϫ/Ϫ and wild-type macrophages ( Figures 4C and 4D) .
Lipid accumulation in atherosclerotic lesions has been reported to induce endoplasmic reticulum stress and apoptosis in macrophages, which can lead to exacerbation of the lesions. 28 We tested whether the increased lipid levels in Rip2 Ϫ/Ϫ macrophages induced endoplasmic reticulum stress by analyzing the marker phospho-PERK in peritoneal macrophages. There was no difference in endoplasmic reticulum stress between Rip2 Ϫ/Ϫ and wild-type macrophages from mice that received a chow diet ( Figure 4E) ; however, Rip2 Ϫ/Ϫ macrophages from mice fed a high-fat diet actually had lower levels of endoplasmic reticulum stress than wild-type macrophages ( Figure 4E ). Our results suggest that Rip2 deficiency blocks the link between lipid accumulation and endoplasmic reticulum stress. We also tested whether the increased lipid levels in Rip2 Ϫ/Ϫ macrophages induced apoptosis and found that there was no difference in apoptosis between wild-type and Rip2 Ϫ/Ϫ macrophages ( Figure 4F) ; however, overexpression of Rip2 in RAW 264.7 macrophages induced a marked increase in apoptotic cells (Online Figure II) .
Increased TLR4 and SR-B1 in
Rip2
To elucidate the mechanism for the increased lipid uptake in Rip2 Ϫ/Ϫ macrophages, we analyzed the expression of several 
key regulators of lipid metabolism in peritoneal macrophages isolated from Rip2
Ϫ/Ϫ or wild-type mice. We observed significantly increased mRNA levels of scavenger receptor (SR) class B type 1 (SR-B1) and TLR4 and decreased mRNA levels of fatty acid synthase, an important regulator of de novo lipogenesis, in Rip2 Ϫ/Ϫ peritoneal macrophages. No differences in mRNA expression were seen for SR-A, CD36, ABCA1 (ATP-binding cassette, subfamily A, member 1), ABCG1 (ATP-binding cassette, subfamily G, member 1), or very low-density lipoprotein receptor; TLR2; or stearoylcoenzyme A desaturase and carnitine palmitoyltransferase I ( Figure 5A ). FACS analysis showed significantly higher surface expression of TLR4 and TLR4-MD2, a trend toward higher levels of SR-B1 (Pϭ0.11), and no differences in protein levels for SR-A, CD36, ABCG1, very low-density lipoprotein receptor, or TLR2 in Rip2 Ϫ/Ϫ peritoneal macrophages ( Figure 5B ). Protein expression of scavenger receptors SR-A, SR-B1, and CD36 was also ascertained with Western blotting, which confirmed the results from FACS analysis ( Figures 5C and 5D ).
TLR4 Mediates Lipid Uptake in
Rip2
To investigate whether TLR4 or SR-B1 mediates the increase in lipid accumulation in Rip2 Ϫ/Ϫ macrophages, we knocked down these proteins in Rip2 Ϫ/Ϫ or wild-type peritoneal macrophages with small interfering RNA and incubated the cells with 50 g/mL mmLDL for 24 hours. Transfection with small interfering RNA against TLR4 or SR-B1 reduced the TLR4 and SR-B1 protein levels by 85% and 78%, respectively. TLR4 knockdown totally abolished the increase in lipid accumulation in Rip2 Ϫ/Ϫ macrophages ( Figures 6A and  6B ). In contrast, SR-B1 knockdown did not affect lipid uptake in Rip2 Ϫ/Ϫ macrophages ( Figure 6C ). Thus, TLR4 but not SR-B1 is essential for the increased lipid uptake of mmLDL seen in Rip2 Ϫ/Ϫ macrophages.
Constitutively Activated TLR4-Dependent Macropinocytosis in Rip2
؊/؊ Macrophages TLR4 per se cannot promote lipid uptake, but mmLDL was recently shown to promote lipid accumulation in macrophages by TLR4-dependent macropinocytosis (which is characterized by actin polymerization and cytoskeletal rearrangements). 29 We therefore investigated whether Rip2 deficiency induces TRL4-dependent macropinocytosis in macrophages. By staining peritoneal macrophages for F-actin, we showed that Rip2 deficiency induced cytoskeletal rearrangements and spreading even under basal conditions ( Figure 7A ). We also analyzed uptake of fluorescent dextran as a measure of macropinocytosis and showed that dextran accumulation was increased significantly in Rip2 Ϫ/Ϫ peritoneal macrophages compared with wild-type macrophages both in the absence and presence of 50 g/mL mmLDL ( Figure 7B ). Knockdown of TLR4 with small interfering RNA reduced the increased uptake of dextran in Rip2 Ϫ/Ϫ peritoneal macrophages ( Figure  7C ). Our results thus show that Rip2 deficiency induces a constitutively active TLR4-dependent macropinocytosis in macrophages.
A previous study by Kanters et al 30 showed that deficiency in IB kinase-␤ (IKK-␤) in macrophages led to increased atherosclerosis despite decreased inflammation. To examine whether deficiency in classic NF-B signaling would result in a phenotype similar to that of Rip2 Ϫ/Ϫ macrophages, we knocked down IKK-␤ and NEMO (NF-B essential modulator) in wild-type peritoneal macrophages. Knockdown of either IKK-␤ or NEMO did not affect lipid accumulation in the presence of mmLDL ( Figure 7D ), TLR4 mRNA levels ( Figure 7E ), or macrophage spreading (data not shown), which suggests that the regulatory effects of Rip2 are mediated through an NF-B-independent mechanism. mmLDL induces TRL4-dependent macropinocytosis in wild-type macrophages by inducing recruitment of spleen tyrosine kinase (Syk) to TLR4. 29 We therefore tested whether the TRL4-dependent macropinocytosis in Rip2 Ϫ/Ϫ peritoneal macrophages was also Syk dependent. We showed that activation of Syk (as measured by Western blotting of phosphorylated Syk) was increased in Rip2 Ϫ/Ϫ macrophages (Online Figure III) . In addition, we showed that incubation with the Syk inhibitor piceatannol (30 mol/L) abolished lipid accumulation in Rip2 Ϫ/Ϫ macrophages cultured under basal conditions ( Figure 7F ), which indicates that the constitutively active TRL4-dependent macropinocytosis in Rip2 Ϫ/Ϫ macrophages is Syk dependent.
Our findings suggest that Rip2 or a Rip2-dependent signaling pathway may negatively regulate TRL4/Sykdependent macropinocytosis. Consistent with this hypothesis, incubation of wild-type peritoneal macrophages with 50 g/mL mmLDL for 24 hours resulted in a reduction of Rip2 expression by 31.0Ϯ0.13% (nϭ5; PϽ0.01). Collectively, these results show that induction of TLR4-dependent macropinocytosis in macrophages by mmLDL is paralleled by a reduction in Rip2 expression and reveal a key role for Rip2 in the regulation of TLR4-dependent macropinocytosis of LDL in macrophages.
Discussion
In the present report, we studied the consequence of Rip2 deficiency in an atherosclerotic mouse model. Surprisingly, we found that subendothelial lipid accumulation was increased in aortas from mice that received Rip2 Ϫ/Ϫ bone marrow despite impaired immune signaling. We also showed that lipid uptake was increased, whereas immune signaling was reduced, in Rip2 Ϫ/Ϫ macrophages. Further analysis in Rip2 Ϫ/Ϫ macrophages showed that lipid accumulation was dependent on TLR4 and that Rip2 deficiency induced TLR4-dependent macropinocytosis. The present study interestingly illustrates a mouse model with dissociated lipid and inflammation levels in the atherosclerotic lesions. In addition, these results identify Rip2 for the first time as a key regulator of cellular lipid metabolism.
Inflammation was reduced in mice that received Rip2 Ϫ/Ϫ bone marrow, as expected. Several circulating proinflammatory mediators were reduced, eg, interleukin-6 and CXCL1; however, mice that received Rip2 Ϫ/Ϫ bone marrow still had normal frequencies of circulating monocytes, B cells, and T cells. Local inflammation in the vessel wall was also decreased, as shown by a marked reduction in ICAM-1 expression in atherosclerotic lesions; however, there was no difference in VCAM-1 expression in these lesions. This discrepancy is surprising but is supported by recent data showing that VCAM-1, unlike ICAM-1, can be regulated separately from NF-B, for example, by shear stress. 31, 32 The present in vitro studies showed that lipid accumulation was increased in Rip2 Ϫ/Ϫ macrophages; however, we did not detect increased expression of any of the major receptors that mediate macrophage lipid uptake (eg, SR-A and CD36), in agreement with results showing that foam cell formation in vivo may proceed even in the absence of SR-A and CD36. 33 In contrast, we showed that the increased lipid accumulation seen in Rip2 Ϫ/Ϫ macrophages was instead linked to increased expression of TLR4. Knockdown of TLR4 in peritoneal macrophages completely abolished the increased lipid accumulation seen in Rip2 Ϫ/Ϫ macrophages. Thus, the present results suggest that Rip2 normally functions as a negative regulator of TLR4 in macrophages.
Further investigation showed that TLR4 promoted Sykdependent macrophage spreading and uptake of lipids via pinocytosis. TLR4/Syk-dependent macropinocytosis has been observed previously in mmLDL-stimulated macrophages. 29, 34 However, a different phenotype was observed in Rip2 Ϫ/Ϫ macrophages, because TLR4/Syk-dependent macropinocytosis in these cells did not require induction by mmLDL but was constitutively activated. Our results thus show that impaired Rip2 activation in macrophages results in constitutive signaling through TLR4/Syk, which induces macrophage spreading and uptake of lipids via pinocytosis. Rip2 may thus be considered a novel key regulator of lipid metabolism. Interestingly, previous studies identified overlapping roles for several host proteins (eg, MyD88 and other signaling molecules downstream of TLRs) in lipid trafficking and innate immunity and suggested that certain proteins may have the ability to mediate coupling between lipid metabolism and immune signaling under permissive conditions. 35 The role of inflammation in atherosclerosis has been a widely emphasized feature over the past decade. Although improved treatment of hyperlipidemia has dramatically reduced mortality due to complications of atherosclerosis, further efforts to develop pharmaceuticals to treat atherosclerosis are needed. Immunopharmacological intervention against atherosclerosis attracts major interest. Rip2 recently has been suggested to be a key target for immune intervention to atherosclerosis, 19 as well as several other pathological disorders. 36, 37 However, the results of the present study clearly demonstrate that immunosuppression targeting Rip2 may have unexpected negative consequences, eg, subendothelial lipid accumulation.
In conclusion, our work identifies Rip2 as a novel player in the modulation of macrophage lipid metabolism and cardiovascular disease. Furthermore, we demonstrate that mice with Rip2 Ϫ/Ϫ macrophages have increased atherosclerotic lesions in the aorta, despite a suppressed innate immune system. Our results yield important insights into the underlying association between lipid accumulation and inflammation in atherogenesis.
